ABSTRACT In order to successfully prevent pathogens found in biofilms in poultry processing facilities from contaminating products, knowledge of the sources and properties of the bacteria from these environments is needed. Bacteria were isolated from fresh cut-up meat samples (breast with or without skin, wings, and thighs) that were not stored or were stored at 4 or 13 C (temperatures relevant to poultry processing facilities). Profiles of the nutrient substrates used by individual bacterial species were determined using Biolog microtiter plates with different substrates in 95 wells of each plate. Pure cultures of bacterial isolates were inoculated onto gram-positive (GP) or gram-negative (GN) Biolog plates, and transformation of specific substrates was determined by reduction (indicated by a purple color) of the tetrazolium violet
INTRODUCTION
Bacterial contamination of food products during processing can lead not only to product spoilage but also to human foodborne illness. In the poultry industry, such contamination of raw meat may result from normal intestinal flora released from carcasses as a result of the processing steps or from bacteria already present in the processing plant on equipment surfaces (Arnold, 1998) . The former, for example, is a relevant scenario for the foodborne pathogen Salmonella enteritidis, which is commonly carried by broiler flocks (Arnold and Holt, 1995) . The latter is considered to be a route of transmission for Listeria monocytogenes, a foodborne pathogen present as an environmental contaminant in many food processing facilities (Wesley, 1999) . Knowledge of the sources and properties of bacteria, such as these pathogens, in food processing environments will ultimately lead to their successful control and elimination.
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included in each well. Of the 62 substrates common to GP and GN microtiter plates, one-third were used by 50% or more of all bacterial isolates. Similarly, approximately one-third of the substrates were used by gram-negative bacteria but not by gram-positive bacteria. One-fourth of the substrates were also only used by a single isolate in the respective gram-type category. For the remaining 33 substrates on each of the GP and GN plates, a higher percentage of substrates on GN than on GP plates were used by the respective isolates. These substrate utilization profiles of bacteria isolated from the poultry processing environment are a useful reference for selecting nutrients for the growth or control of these bacteria, especially pathogens. ated with surfaces in the processing plant. Often these organisms are present in a biofilm community consisting of mixed microbial species (Arnold, 1998) . Little is known about the characteristics of the organisms that compose biofilms in the poultry processing environment or on raw poultry meat. We have studied the substrate utilization profiles (Hale Boothe et al., 1999) and volatile products (Arnold and Senter, 1998; Senter et al., 2000) of the microflora (biofilm) associated with fresh chicken meat samples that were not stored or were stored at two temperatures (4 and 13 C) relevant to the poultry processing industry. In the first study, we noted differences in the rapidity and frequency of utilization of individual and groups (i.e., polymers, carbohydrates, etc.) of substrates by microbial consortia present on poultry meat stored at 4 and 13 C. Senter et al. (2000) also reported differences in the volatile compounds produced by mixed microbial communities associated with the samples stored at these two temperatures.
In this paper, we report the results of isolating, identifying, and determining the nutrient substrates used by individual bacteria from these consortia associated with Abbreviation Key: ATCC = American Type Culture Collection; GN = gram-negative Biolog plates; GP = gram-positive Biolog plates; PCA = plate count agar; SIM = similarity index. raw poultry meat. Substrate usage profiles were assessed using the Biolog 2 system for bacterial identification based on use of 95 nutrients. The results of this research will serve as a useful reference of the substrates used by individual bacterial species from various raw poultry products, either fresh or stored at temperatures and times representative of commercial processing, storage, and distribution. Knowledge of the substrates utilized by isolates will aid in the construction of biofilms for study in the laboratory using these and similar bacteria from the poultry processing environment. The data can be used to study the effects of nutrients on the adhesion and growth stages of biofilm formation. Differences in bacterial adhesion due to both nutrient status (Hood and Zottola, 1997; Marshall, 1992) and physical conditioning of the substratum by a substrate (Characklis and Cooksey, 1983) have been implicated previously. The growth of bacteria in biofilms may also be affected by competition for nutrients (Leriche and Carpentier, 2000) . Removal of substrates used by pathogens may thus be an intervention strategy for control of their growth in biofilms in processing plants.
MATERIALS AND METHODS

Sample Collection and Storage
Bacteria were isolated from fresh cut-up meat, either not stored or stored for varying lengths of time at refrigeration temperature (4 C) or at a temperature (13 C) common in poultry processing plants. Cut-up pieces, including breast with or without skin and wing and thigh samples, were collected, transferred to 1-L polyethylene bags, weighed, and stored for the following times prior to rinsing: 0 to 5 d at 4 C or 0 to 2 d at 13 C. Details of sample collection and storage of cut-up pieces are provided by Senter et al. (2000) . Briefly, this procedure included twice weekly aseptic collection of replicate samples of each meat type during 2-week intervals. Meat pieces were collected directly from the processing line in the cut-up area of a high-volume commercial processor at 0800 h on each sampling date over a 6-mo period. Collections represented random samplings from numerous flocks due to the duration of the study and the large production volume of the processing plant. A minimum of two trials were conducted for each meat type.
Identification of Bacteria and Determination of Substrate Usage
From each source, bacteria were first isolated from rinses of meat samples with sterile normal saline (0.85% sodium chloride) and then identified using the Biolog system. Cut-up meat samples were rinsed with 35 mL of 2 Biolog, Inc., Hayward, CA. saline, and the associated rinses were diluted from 10 -1 to 10 -10 in Difco tryptic soy broth. 3 Aliquots (0.1 mL) of the rinse dilutions were spread on triplicate Difco plate count agar (PCA) 4 plates and incubated at 30 C for 48 h. Individual colonies were picked from these plates and restreaked on PCA plates a minimum of two sequential times to confirm culture purity. Subsequently, the morphology and gram type of the isolates were determined to allow selection of the appropriate Biolog 2 96-well microtiter plate (GP for gram-positive and GN for gramnegative organisms) to use for culture identification.
Use of GP and GN plates (now available as GP2 and GN2 plates) was in accordance with the Biolog protocol for identification of gram-positive and gram-negative bacteria. Isolates from PCA plates were streaked on the appropriate Biolog 2 medium: tryptic soy agar with 5% sheep blood for gram-negative rods, Biolog universal growth medium with glucose for gram-positive rods, or Biolog universal growth medium with 5% sheep blood for grampositive cocci. Biolog media plates were incubated at 30 C for 4 to 18 h prior to removal of cells to form a suspension in sterile normal saline (18 to 20 mL) to a turbidity corresponding to a transmittance of 53 to 59% for gramnegative bacteria or 35 to 42% for gram-positive bacteria. Microtiter plates were inoculated (150 µL per well) with the appropriate saline suspension using an eight-channel repeating pipetter. Plates were covered and incubated along with a source of moisture at 30 C for 4 to 24 h (shorter time for sporeforming rods and some gram-negative rods).
After incubation of a microtiter plate with an inoculum, the inoculated culture was identified. First, the optical density of each well on a plate was determined by reading the plate on the Molecular Devices 5 Emax plate reader at 590 nm (the optimum wavelength for absorption of the reduced form of the tetrazolium violet indicator dye in each well on the plate). The variable threshold option in the Biolog 2 Microlog 3.0 software was used to determine the percentage increase in absorbance per well that constituted a noticeable purple color, indicating reduction of the tetrazolium dye as a result of substrate transformation. Comparison of the pattern of purple color (representing the pattern of substrate utilization) on microtiter plates with the patterns associated with known organisms in the Biolog database allowed identification of isolates using the following criterion when matching patterns were obtained. For bacteria inoculated on microplates read after 4 h of incubation, a species identification with a similarity index (SIM) of at least 0.75 was acceptable according to Biolog protocol. For isolates inoculated on plates read after 16 to 24 h of incubation, a species identification with a SIM of at least 0.50 provided a comparable level (95%) of accuracy.
Statistical Analysis
The Microlog 3.0 software 2 was used to determine the accuracy of identification, expressed as a SIM value, of bacterial isolates based on substrate utilization profiles. The SIM value is the product of two probabilites: 1) the probability that the identification is correct, given the entered data belongs to a species in the Biolog database, and 2) the probability that entered data belongs to a species in the database. 
Control Cultures
Two bacterial cultures from the American Type Culture Collection (ATCC) 7 were used as quality control cultures for identification of bacterial isolates. Salmonella choleraesuis subsp. choleraesuis (ATCC 13076) was used as a control culture for gram-negative bacteria and Staphylococcus aureus (ATCC 25923) was used for gram-positive bacteria. Correct identification of these ATCC cultures on the Biolog system indicated the integrity of the appropriate type (GN or GP) of microtiter plate and the accuracy of the test method. were cultured, as well as the associated SIM values. For each isolate, the SIM for identification using the Biolog system was at least 0.5 (1.0 is an exact match with a known organism in the database) after 24 h of plate incubation or 0.75 after a shorter incubation period. More than half of the isolates had a similarity index of greater than 0.74 after 24 h of incubation. Overall, more of gram-negative (13 in seven genera) than gram-positive (five in four genera) bacterial species that were isolated met the selection criteria for identification. Multiple species were isolated from five of the gram-negative genera (Acinetobacter, Flavobacterium, Pasteurella, Pseudomonas, and Serratia) , but multiple species were isolated from only one gram-positive genus (Staphylococcus). Bacteria from several genera listed in Table 1 have been previously reported to be associated with fresh or stored poultry products. These include gram-negative rods of the genera Acinetobacter, Escherichia, Flavobacterium, Pseudomonas, and Serratia (Gallo et al., 1988; Russell et al., 1996) and gram-positive cocci in the genus Micrococcus (Gallo et al., 1988) .
RESULTS AND DISCUSSION
Isolates listed in Table 1 represent bacteria from each of the types of poultry samples, except thighs, and storage conditions studied. Four, five, and nine isolates were obtained from breast with skin, wing, and breast without skin samples, respectively. Because bacterial numbers on thigh samples were low, no bacteria obtained from these poultry pieces met the similarity index selection criterion used in the present study. Two and seven of the bacterial species were isolated from meat stored at 4 and 13 C, respectively. Nine species were obtained from fresh meat and cultured at 30 C.
Bacterial utilization of substrates was assessed from data collected using the Biolog microtiter assay with 95 individual substrates on GN and on GP plates. Sixty-two of these substrates (classified in six substrate categories) were common to the two plate types and allowed compar-ison of substrate usage between gram-positive and gramnegative isolates. Use by each test bacterium of these substrates individually and by substrate category is summarized in Tables 2 and 3 , respectively. The gram-negative bacteria using the greatest number (46) of substrates were Escherichia vulneris and Serratia plymuthica, followed by the three Pseudomonas species (P. fragi, P. putida type A1, and P. aeruginosa, transforming 31, 31, and 29 substrates, respectively). Species of Flavobacterium and Pasteurella used increasingly fewer substrates, and species of Acinetobacter used the fewest number (nine) of substrates. Among gram-positive organisms, Staphylococcus lentus A used the greatest number (35) of substrates, whereas Bacillus brevis used the fewest number (three) of substrates. Staphylococcus arlettae and species of Lactococcus and Micrococcus used an intermediate number of substrates.
Data in Table 3 indicate the categories in which the substrates used by test bacteria belong. Because the numbers of substrates in each substrate category in Table 3 are not equal, a direct comparison of the number of substrates used in each category does not indicate a preference for metabolism of specific substrate types. However, the percentage of substrates within a category used by an isolate may indicate the categories from which initial substrate selection may be judicious for growing the isolates. For isolates, such as E. vulneris, which transformed substrates in several substrate groups, the data will assist in selecting substrates for growing the bacterium with other isolates utilizing any of a variety of substrates. On the other hand, for isolates such as B. brevis, a limited number of substrates (in one category) may be available to grow this bacterium.
Among the individual substrate categories, no consistent patterns of usage were determined for the gramnegative or gram-positive bacterial subgroups. However, use of the amide-amine substrates was limited to five gram-negative isolates (E. vulneris, S. plymuthica, and the three Pseudomonas species). Amino acids were also utilized predominantly by gram-negative isolates. For individual species, a few trends in substrate use were noted for isolates using less than 20% of all substrates. Pasteurella caballi, which was obtained from breast with skin stored at 4 C for 5 d, used substrates from the polymer and carbohydrate categories only. The two Acinetobacter species, both of which were isolated from wings stored at 13 C, primarily used substrates in the polymer, carboxylic acid, and amino acid categories. In contrast, Bacillus brevis, which was grown at 30 C from a rinse of breast without skin, used only substrates in the miscellaneous category. Such specificity in substrate utilization may be useful in growing or controlling the growth of these isolates. Table 4 is a list of the 62 substrates common to GN and GP Biolog microtiter plates ranked within the appropriate substrate category according to prevalence of usage by all of the bacteria tested. The table also documents substrate usage by bacteria in the gram-positive or gram-negative subgroups. Of the substrates common to GN and GP plates, approximately one-third (19) of the substrates were used by 50% or more of all isolates from cut-up poultry samples. Although none of the three substrates in the amide-amines group were used by greater than 50% of all isolates, two each of the polymeric (dextrin, glycogen) and miscellaneous substrates (glycerol, uridine), three of the carboxylic acids (methyl pyruvate, Dgluconic acid, and mono-methyl-succinate), five of the amino acids (L-glutamic acid, L-serine, L-asparagine, Lalanine, and L-alanyl-glycine), and seven of the carbohydrates (α-D-glucose, D-trehalose, D-psicose, D-mannose, D-fructose, maltose, and sucrose) were transformed by at least half of the isolates.
Use of these 19 substrates was not unexpected because several substrates, such as glucose and pyruvate, are common intermediates in bacterial metabolic pathways. In addition, previous work in our lab (Hale Boothe et al., 1999) indicated that, 75 to 100% of GN plates inoculated with mixed populations of some test isolates and incubated at 4 or 13 C were positive for use of most of these substrates (except mono-methyl-succinate). Apparently, individual bacteria composing the mixed communities were able to use these 19 substrates without the presence of other bacteria. Because a majority of isolates used the carbohydrates mannose and trehalose, these substrates may be particularly useful in studies of pure or mixed culture biofilms containing Listeria monocytogenes. Kim and Frank (1994) reported that attachment of this pathogen to stainless steel was not affected by growth in pure culture on mannose or trehalose. However, accumulation of Listeria monocytogenes in monoculture biofilms was shown to be greater when grown on either of these two substrates rather than on glucose (Kim and Frank, 1995) .
In contrast to the 19 substrates used by a majority of the isolates, transformation of some of the other 43 substrates (such as Tween 80) common to GN and GP plates but not used by a majority of the test isolates might have required the interaction of a bacterial consortium. This is supported by the fact that mixed populations of some test isolates were able to transform selected substrates, such as Tween 80, on 96 to 100% of GN plates incubated at temperatures (4 or 13 C) (Hale Boothe et al., 1999) lower than that (30 C) at which substrate usage was determined herein. These substrates for which a bacterial consortium may be necessary for utilization could potentially be used in growing mixed species biofilms in the laboratory.
Of the 19 substrates common to GN and GP plates and used by a majority of test isolates, 12 were utilized by less than 50% of gram-negative or gram-positive bacteria. These substrates included D-fructose, maltose, and sucrose, which were only transformed by 46% of the gramnegative bacteria, and mono-methyl succinate, D-gluconic acid, L-glutamic acid, L-serine, and uridine, which were only transformed by 40% of the gram-positive bacteria. Substrates that were used by an even lower percentage of gram-positive bacteria included glycogen, L-alanine, and L-alanyl-glycine, which were used by only 20% of isolates, and L-asparagine, which was not used by any gram-positive isolate. The predominance of gramnegative bacteria in mixed populations obtained from cut-up pieces may account for the high percentage of GN plates inoculated with these consortia and previously reported to be positive for transformation of substrates such as L-asparagine (Hale Boothe et al., 1999) . Sixteen of the 62 substrates common to GN and GP Biolog microtiter plates were used by a single isolate in the respective gram-type group of bacteria. Two of these substrates (D-arabitol and 2,3-butanediol) were used by a single isolate each in the gram-negative group. The former substrate was used only by the gram-negative bacterium, Pseudomonas aeruginosa, and the latter, by Acinetobacter genospecies 7. Interestingly, D-arabitol was also used by a single gram-positive bacterium, Staphylococcus lentus. Among the 14 other substrates used by only one isolate in the gram-positive group were two each of the miscellaneous substrates (glucose-1-phosphate and glucose-6-phosphate) and carbohydrates (lactulose and Draffinose), three each of the carboxylic acids (acetic acid, γ-hydroxybutyric acid, and α-ketovaleric acid) and amino acids (D-alanine, L-alanine, and L-alanyl-glycine), and four polymers (α-cyclodextrin, glycogen, Tween 40 and Tween 80). The lower number of gram-positive than gram-negative bacteria able to transform these substrates may be due to differences in metabolic pathways among the two groups of isolates or may result from the lower number of gram-positive isolates tested. Selective growth of a specific gram-positive species in constructed biofilms with multiple or single gram-negative species may be possible using some of these substrates (e.g., glycogen for biofilms with multiple gram-negative species and Darabitol for biofilms with a single gram-negative species).
Approximately one-third (20) of the substrates listed in Table 4 were used by gram-negative but not by grampositive bacteria or vice versa. A majority (18) of these substrates were used by gram-negative but not by any gram-positive bacteria. Among these 18 substrates were one miscellaneous substrate (2,3-butanediol), three each of the amides-amines (succinamic acid, putrescine, and alaninamide) and amino acids (L-asparagine, glycyl-Lglutamic acid, and L-pyroglutamic acid), five carbohydrates (L-arabinose, m-inositol, L-fucose, D-melibiose, and L-rhamnose), and six carboxylic acids (succinic acid, propionic acid, α-ketoglutaric acid, D-galacturonic acid, β-hydroxybutyric acid, and p-hydroxyphenylacetic acid). With the exception of succinic acid and L-asparagine, these substrates not used by gram-positive bacteria were also used by less than 50% of the gram-negative isolates. Thus, these 18 substrates may be good candidates for growth of selected gram-negative organisms to be incorporated into existing biofilms. Only two substrates, lactulose and γ-hydroxybutyric acid, were not used by gramnegative bacteria but were used by a single gram-positive isolate each (Lactococcus lactis subsp. diacetylactis and Staphylococcus lentus, respectively). Use of these two substrates in biofilm studies may allow growth of these grampositive bacteria for incorporation into existing biofilms or for growth of some mixed populations at 4 C (using lactulose) or at 13 C (for γ-hydroxybutyric acid), as demonstrated previously (Hale Boothe et al., 1999) , for construction of biofilms. Xylitol was the only substrate not used by any gram-positive or gram-negative bacteria; however, mixed populations of some test isolates have been shown to transform this substrate at 4 C (Hale Boothe et al., 1999) . Tables 5 and 6 list the 33 substrates unique to the GN and to the GP microtiter plates, respectively, their use by individual bacteria, and the number and percentage of isolates which transformed them. Although a majority of substrates unique to each of these plate types were used 
Number (%) of gram-negative plymuthica bacteria using test substrate Boothe et al., 1999) . In contrast, 13 of the substrates unique to GP plates were not transformed by any test bacterium. These included one each of the polymers (inulin) and amides-amino acid derivatives (lactamide), two of the carboxylic acids (Dmalic acid and sedoheptulosan), three aromatic compounds (adenosine-5′-monophosphate, thymidine-5′-monophosphate, and uridine-5′-monophosphate), and six carbohydrates (α-methyl-D-galactoside, α-methyl-Dmannoside, β-methyl-D-galactoside, stachyose, D-tagatose, and D-xylose). For the substrates unique to GN or GP microtiter plates collectively, approximately 20% were utilized by more than half of the isolates. For gram-negative bacteria, these utilizable substrates were in the carboxylic acid (D, Llactic acid, bromo-succinic acid, cis-aconitic acid, and formic acid) and amino acid (L-aspartic acid, L-proline, Lhistidine, and D-serine) substrate categories. In contrast, for gram-positive bacteria, the usable substrates were in the polymer (β-cyclodextrin and N-acetyl-D-mannosamine), carbohydrate (maltotriose and 3-methyl-glucose), and carboxylic acid (pyruvic acid and L-lactic acid) categories. Several of these substrates, such as pyruvic and lactic acids, are common intermediates in bacterial metabolic pathways and would be expected to be readily used. In addition, all of the substrates unique to GN plates and utilized by more than half of the gram-negative isolates were also previously shown to be utilized by mixed populations of test bacteria grown at 4 or 13 C (Hale Boothe et al., 1999) .
As with substrates common to GN and GP plates, substrates unique to GN or GP plates but able to be transformed by multiple species may be used to grow these organisms in a mixed community, such as that in a biofilm. However, judicious selection of growth temperature may be needed for transformation of some substrates by such mixed populations (Hale Boothe et al., 1999) , as well as for accurate assessment of the interaction of bacterial species in biofilm formation. Studying biofilms containing pathogens, such as Listeria monocytogenes, is of particular importance. Jeong and Frank (1994a,b) have noted an influence of temperature on the interaction of a Flavobacterium sp. with Listeria monocytogenes in biofilms on stainless steel. At 10 C, growth of L. monocytogenes in biofilms was not impeded by the presence of the Flavobacterium sp., but at 21 C, the growth of this pathogen was stimulated by the presence of the Flavobacterium sp. Data on substrate usage by the two species of Flavobacterium studied herein provide the opportunity for further investigation of these disparate results. Likewise, data on the use of substrates by a single species may allow growth of that organism for incorporation into an existing biofilm community. Sasahara and Zottola (1993) reported that a primary colonizing microorganism (such as Pseudomonas fragi) is requisite in flowing systems for biofilm formation by Listeria monocytogenes. The substrate profile of Pseudomonas fragi determined herein might be useful in selecting substrates to grow this organism under a variety of conditions for later incorporation of the pathogen Listeria monocytogenes.
In conclusion, the nutrient substrate utilization profiles determined for bacterial isolates from poultry processing environments are a useful reference of the substrates used by individual species present on fresh raw poultry meat, either not stored or stored at 4 or 13 C. The data also provide a basis for selection of substrates to grow these bacteria in laboratory constructed biofilms. Studies using these biofilms will help to assess the effect of nutrients on the attachment and growth phases of biofilm formation by pure and mixed cultures of a variety of bacteria on food processing surfaces. A greater understanding of the effect of nutrients on biofilm formation may lead to the development of intervention strategies to prevent biofilms harboring pathogens, such as Listeria monocytogenes, in the poultry processing environment. The ultimate goal is to provide the consumer with a product that is safer and has a longer shelf life.
